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Abstract: The enhancement of optical waves through perforated plates has received particular
attention over the past two decades. This phenomenon can occur due to two distinct and indepen-
dent mechanisms, namely, nanoscale enhanced optical transmission and micron-scale Fabry–Perot
resonance. The aim of the present paper is to shed light on the coupling potential between two
neighboring slots filled with two different materials with contrasting physical properties (air and
silicon, for example). Using theoretical predictions and numerical simulations, we highlight the role
of each constituent material; the low-index material (air) acts as a continuum, while the higher-index
material (silicon) exhibits discrete states. This combination gives rise to the so-called Fano resonance,
well known since the early 1960s. In particular, it has been demonstrated that optimized geomet-
rical parameters can create sustainable and robust band gaps at will, which provides the scientific
community with a further genuine alternative to control optical waves.

Keywords: discrete state; continuum state; Fano resonance; surface plasmon; FEM method; RCWA method

1. Introduction

Recently, there has been a growing interest in Fano resonances (FR) due to their ver-
satile applications in various fields, such as chemical and biological sensor development,
filter technology, and the creation of non-linear electro-optical devices [1–5]. In 1935, Ugo
Fano originally discovered this type of resonance while observing asymmetric absorption
in noble gases [6]. He afterwards provided a theoretical description of this phenomenon
within the framework of the quantum autoionization states of atoms [7]. This universal
phenomenon occurs in a wide range of systems, including optics and acoustics [8–11]. In
both cases, this resonance arises when two vibratory modes, namely the continuous and
discrete states, interact either constructively or destructively, resulting in an asymmetric
line shape as a response [7,12–14]. This asymmetrical response is widely demonstrated in
the case of extraordinary optical transmission, particularly in thin metallic gratings with
sub-wavelength apertures. This is related to the interaction between incident light and the
plasmonic surface modes that propagate along the metal/dielectric interface. Comparable
results have also been observed in systems involving elastic waves, such as slit gratings
or phononic crystals, as a byproduct of the interaction between elastic waves propagat-
ing in the structure and localized resonance modes obtained at specific locations within
it [15–17]. Wood’s anomalies, which induce a dramatic shift in reflected intensity observed
for a small variation in wavelength, have drawn the interest of many researchers [18].
Rayleigh explained that these anomalies may result from the appearance or absence of
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order diffracted by the grating [19]. Nevertheless, this suggestion was proved insufficient
to fully explain the anomalies observed by Wood. The latter conducted in-depth studies in
1912 [20] and then in 1935 [21] to quantify the contribution of surface waves [22]. It was
not until 1965 that Hessel and Oliner identified the dual origins of Wood’s anomalies as the
emergence of diffracted orders and the involvement of the resonance phenomena, particu-
larly through evanescent surface waves [23]. Furthermore, Maystre and Nevière conducted
additional investigations into Wood’s anomalies, using calculations involving poles and
zeros of the reflection and transmission coefficients [24]. Porto et al. in 1999 focused on
examining the transmission properties of arrays of narrow slits, observing an exception-
ally high transmission peak, up to 90% in TM polarization [25]. Collin et al. presented
a theoretical demonstration indicating that this kind of structure can achieve extremely
high-quality factors, ranging from 10 to 105 [26]. Ebbesen et al.’s experiment significantly
advanced the study of metallic gratings with sub-wavelength apertures, demonstrating ex-
traordinary transmission in a metallic film perforated with fine holes deposited on a quartz
substrate [27]. This experiment revealed an exceptional transmission enhancement that
surpassed the predictions of Bethe’s theory [28]. Moreover, this exceptional transmission is
attributed to the excitation of surface plasmon resonance [29–31], which arises from the
coupling between an electromagnetic wave and bound electrons located on the surface
of a metal [32]. In 2006, Moreno et al. introduced a configuration capable of generating
extraordinary transmission in TE polarization, comprising a suspended metal grating with
two thin dielectric layers deposited on both sides [33]. In general, both optical and acoustic
Fano resonances share similarities in their underlying physical mechanisms while differing
in terms of frequency and wave propagation properties. In this study, our focus is on Fano
resonances observed within metallic arrays of slits.

In this arrangement, the surface waves that emerge at the grating’s surface are no
longer plasmons, but rather guided waves within the dielectric layers. In this study, we aim
to engineer a heterogeneous plate with sub-wavelength apertures capable of inducing broad
optical transmission reductions characterized by W-shaped Fano resonances. To achieve
this, we employ a silver (Ag) metallic plate with double apertures made of air and silicon
(Si). Air and silicon are chosen to model continuum and discrete states, respectively, while
silver serves as the plasmonic material within the specified frequency range. Subsequently,
we comprehensively investigate various parameters that influence the positions of Fano
resonances and the diffraction limit. Additionally, we establish a mathematical framework
based on rigorous coupled-wave analysis (RCWA) for comparative analysis with numerical
results obtained using the finite element method (FEM).

2. Analysis and Modeling

In the pursuit of comprehending the alterations in both the transmission amplitude
and phase characteristics of the heterogeneous sub-wavelength grating, our investiga-
tion encompasses an array of parameters, including wavelength and various geometrical
attributes—such as the grating period, slit width, grating thickness, angle of incidence,
and the materials employed. Notably, since the studied structure has significantly smaller
slit width and the period in comparison to the incident wavelength, our major focus lies
exclusively on the investigation of the transmitted zeroth order. To address this, we have
developed a homemade code based on the RCWA. This method offers a high degree of
flexibility in adjusting polarization, angle of incidence, and slit dimensions compared to
the approach developed by M.G. Moharam [34]. Additionally, the RCWA method, imple-
mented in MATLAB by [35], is employed to model different orders of transmitted and
reflected waves by a one-dimensional binary grating in either TE or TM polarization. Our
approach, on the other hand, involves projecting the solution of the diffraction problem
onto a truncated basis of spatial harmonics, which leads to the formulation of a system of
equations for each harmonic.
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2.1. Design and Excitation Source

Figure 1 depicts three different geometric patterns explored in this work. Figure 1a
shows a silver grating unit cell with an air slit to generate a continuous state, while Figure 1b
displays a silver grating unit cell with a silicon slit to establish a discrete state. Figure 1c
illustrates a grating unit cell with both air and silicon slits, constituting the final structure
under consideration. The latter involves the interaction of continuous and discrete states
and plasmons, resulting in a multi-broadband transmission decrease in the form of Fano
resonance with a W-line shape.

Figure 1. A three-dimensional schematic of the studied unit cells. Panel (a) showcases a perforated
air slit within a silver (Ag) metallic plate, while panel (b) exhibits the deposition of a silicon (Si) slit
onto a silver (Ag) metallic plate. Panel (c) illustrates the incorporation of two slits (Si and air) within
a silver (Ag) metallic plate.

Furthermore, all the structures have the same periodicity of a but feature different slits
distinguished by their respective widths: w for the air slit and g for the silicon slit. The
overall geometrical parameters are summarized in Table 1.

Table 1. Geometric parameters of the structure.

Parameter Value (µm) Description

a 3 unit cell period

d a unit cell thickness

hI 10a height of region I (supertrat)

hI I I 10a height of region III (substrate)

hPML a/3 PML layer thickness

w a/10 air gap width

g a/5 Si gap width

b a/3 distance between two successive slits

These results were obtained through numerical simulations employing FEM and were
compared to the RCWA method. In this context, our study pertains to the structure depicted
in Figure 1c under a TM-polarized incident plane wave forming an angle θ with (oz)-axis
(corresponding to normal incidence). In such a case, the complex amplitude of the magnetic
field is given as follows:

Hy,inc = Hy(x, z)e−jωt = e−[jωt+jk0nI(sin(θx)+cos(θz))] (1)

The incident medium, typically composed of air, is referred to as the superstrate
and is identified by the index nI, with its permittivity described as εI = n2

I . This specific
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region of space is designated as Region I. The grating region, referred to as Region II, is
composed of alternating media with indices nIIm (permittivity εIIm = n2

IIm), εII,Air = n2
II,Air,

and εII,Si = n2
II,Si. In Region III, situated below the perforated grating, we denote the index

of the substrate as nIII (permittivity εIII = n2
III). Furthermore, the expression of the magnetic

field amplitude Hy(x, z) differs according to the region considered. In regions I and III,
we utilize the Rayleigh decomposition to describe the amplitude of the magnetic fields,
Hy(x, z), as described in [36,37].

Hy,I = Hy,inc + ∑
n

R(n) exp
[
−j(k(n)x x− k(n)z,I z)

]
(2)

Hy,I I I = ∑
n

T(n) exp
[
−j(k(n)x x + k(n)z,I I(z− d))

]
(3)

where R(n) and T(n) represent the complex amplitudes characterizing wave reflections
within medium I and wave transmissions within medium III. The periodic structuring
along the (OX) axis necessitates the quantization of the tangential component of the wave
vector, denoted as k(n)x , for a specified angle of incidence θ. This quantization presents a
local manifestation of Snell’s law due to the heterogeneity of the structure, as expressed in
Equation (4):

k(n)x = k0nI sin(θ)− n
2π

a
(4)

The conservation of momentum is described by:

k(n)
2

x + k(n)
2

Zi = n2
i k2

0 (5)

From Equations (4) and (5) we can derive:

k(n)Zi =


√

n2
i k2

0 − (k(n)x )2, if n2
i k2

0 ≥ (k(n)x )2,

j
√
(k(n)x )2 − n2

i k2
0, if n2

i k2
0 < (k(n)x )2.

(6)

where ni, k0 = 2π
λ , and k(n)x represent the refractive index of the medium (i = I, II or III),

the magnitude of the wave vector in vacuum, and the tangential wave vector component,
respectively, with n indicating the order diffracted by the grating. In Equation (2) and
Equation (3), the terms R(n) and T(n) denote the complex amplitudes of the reflected and
transmitted diffracted orders. Our specific focus is on determining the complex values
of T(0). This term represents the amplitude transmitted in order zero, which is the only
diffraction order considered when examining structures with a period smaller than the
incident wavelength. Moreover, the corresponding expressions for the electric field in
regions I and III are directly obtained from the Maxwell–Ampère equation.

2.2. The Rigorous Coupled Wave Analysis (RCWA) Method

In this part, we will employ the RCWA method to analyze the structure illustrated
in Figure 1c. Figure 2 depicts the real part of the dielectric permittivity profile for this
double-slit periodic grating.

Historically, the RCWA method was developed by Moharam and Gaylord in the
early 1980s [38,39], representing a significant advancement in the field of diffractive optics.
Initially, it was used to analyze planar structures featuring sinusoidal modulation, whether
composed of dielectric or metallic materials [40,41]. Over time, this method was extended
to encompass structures characterized by surface reliefs [38] and intricate three-dimensional
configurations [39]. Moreover, the RCWA method relies on the Fourier series decomposition
of permittivity, a mathematical concept initially introduced by Burckhardt [42], Kaspar [43],
and Knop [44] (referred to as the BKK method). Moharam and Gaylord further enriched
this approach by incorporating a model that describes the electromagnetic fields within
the modulated region as coupled waves, propagating orthogonally to the plane of the
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grating and corresponding to the diffraction orders emanating from outside the grating
structure. A notable feature of the RCWA method is its departure from the conventional
second derivative approximation of the electromagnetic field [45]. The permittivity of
the structure with respect to the z-axis in the three regions, I, II, and III, is given by the
following equation, Equation (7):

ε(x, z) =


εI if z > d
εI I(x) if 0 ≤ z ≤ d
εI I I if z < 0

(7)

Figure 2. Profile of the real part of the dielectric permittivity obtained by Fourier series decomposition
(N=150) of the grating considered in Figure 1c, with the set of geometrical parameters as follows:
a = 3µm, d = a, w = a

10 , and g = a
5 .

Consequently, in Region II, we perform a Fourier decomposition of the dielectric
function εI I(x) as follows:

εI I(x) = εeff +
n=N

∑
n=−N

ε(n) exp(j2π
n
a
) (8)

The integer N is the number of harmonics retained in the Fourier decomposition.
Where,

εeff = εII,air f1 + εII,Si f2 + εII,m f3

and,

ε(n) = − 1
nπ

[[
(εII,m − εII,air) sin(nπ f1)ejnπ( f1+

f3
2 )

]
+

[
(εII,m − εII,Si) sin(nπ f2)ejnπ( f2+

f3
2 )

]]
In this decomposition, fi represents the filling factor, which can be expressed as

follows:

fi =


w
a for Air slits i = 1
g
a for Si slits i = 2
1− f1 − f2 for the remainder i = 3
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ε(n): the n-th harmonic in the decomposition of x → εI I(x). Within the array, we also
perform a generalized Fourier series expansion of the electric (E) and magnetic (H) fields
as a function of spatial harmonics.

Hy = ∑
p

h(p)
y (z) exp(jk(p)

x x) (9)

Ex = j
√

µ0

ε0
∑
p

e(p)
x (z) exp(jk(p)

x x) (10)

h(p)
y (z), and e(p)

x (z) represent the normalized amplitudes of the p-th spatial harmonics
of the magnetic and electric fields, respectively. By incorporating these Fourier develop-
ments into Maxwell’s equations, we obtain a system of coupled equations, which can be
expressed in a matrix representation as depicted below: ∂2h(p)

y

∂(k0z)2

 = [EB][h(p)
y ] (11)

where, B = KxE−1Kx − I
E: denotes the matrix formed by the spatial harmonics of the effective grating per-

mittivity, whose element (n, p) is equal to ε(n−p); Kx: is a diagonal matrix, whose element

(n, n) is k(n)x
k0

; I: is an identity matrix.
By solving the coupled equation and applying the continuity of the tangential compo-

nents of the magnetic field Hy and electric field Ex at the two interfaces (I/II) and (II/III), we
obtain the expressions of the fields E and H within the grating, enabling the determination
of the complex amplitudes R(p) and T(p) as well as the associated efficiencies for each order.

• The p-order diffraction efficiency in reflection Equation (12) and transmission Equation (13):

DE(p)
r = |R(p)|2 Real

 k(p)
z,I

k0nI cos θ

 (12)

DE(p)
t = |T(p)|2 Real

 k(p)
z,I I I

k0nI cos θ

n2
I

n2
I I I

 (13)

• The transmission spectrum in decibels, denoted as T(dB), is given by Equation (14):

T(dB) = 20 log10(T
(p)) (14)

3. Results and Discussion
3.1. Design and Characterization of the Continuum State

We compared the results obtained by the (RCWA) method with those of numerical
simulations using the finite element method (FEM). The (FEM) method cuts the region
of interest into a mesh of small elements (we chose a triangular mesh with a a

10 pitch in
Regions I and III, while in Region II, we chose an Extremely Fine mesh with a w

10 pitch in
order to obtain results that converge towards the global solution). Note that the method
(FEM) solves Maxwell’s equations by discretizing space into finite elements and using basis
functions to approximate electromagnetic fields. The equations are solved locally in each
element, then assembled to obtain the global solution. We first generate a plane wave with
a wave vector~k polarized in the transverse magnetic (TM) mode along the structure’s axis
(OZ). Transmission is evaluated by comparing the signal passing through the structure
with the source signal. Due to the periodic nature of the system, our model is confined
to a single unit cell, and Floquet periodic boundary conditions (PBC) are applied along
the (OX) axis, as illustrated in Figure 1a. Perfectly matched layers (PML) are also used to
reduce reflections on the system boundaries, which simulate an artificial infinite domain.
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The physical properties of the materials used for simulation are those described in [46] for
silver, and for silicon they are extracted from [47].

We start our investigation by examining a one-dimensional (1D) slit within a silver
plate. Therefore, the cavity resonances are observed in the transmittance spectrum. We
provide analytical formulations to describe the position of these resonances. Furthermore,
employing the same theoretical framework, we elucidate the physical mechanisms re-
sponsible for the emergence of novel transmission resonances in structures composed
of periodic slit arrays. The Fabry–Perot resonators yield transmission enhancements at
precisely defined frequencies, where incident wave energy is fully transmitted through the
slits. This phenomenon becomes particularly pronounced under rigid conditions, such as
when dealing with silver, which exhibits near-perfect metal behavior within the examined
frequency range, especially at the edges of the periodic unit.

The spectra in Figure 3 reveal two resonances within the transmission spectrum,
specifically when the thickness equals the grating period (d = a). Collin et al. carry out an
analysis of the impact of the angle of incidence on the spectral position of these peaks [26].
They observe that the peak corresponding to short wavelengths strongly responds to the
angle of incidence and follows the surface plasmon dispersion relation calculated for a flat
interface. In contrast, the peak associated with longer wavelengths remains nearly invariant,
behaving similarly to a cavity resonance. Thus, they propose the existence of two distinct
resonant mechanisms: plasmonic resonances along horizontal interfaces and Fabry–Perot
resonances within slots (acting as planar wave guides), whose fundamental mode has no
cut-off frequency. For an elementary cell with a cross-section of (a×a), two resonances can
be obviously identified, corresponding to the guided modes λ and λ

2 , induced by the slit in
the metal plate. These resonances manifest prior to the first Rayleigh anomaly, precisely
positioned at the reduced frequency R = a

λ0
= 1.

Figure 3. The transmission spectrum T(dB) obtained through an array of air slits, describing the
continuum state.

The mechanism behind extraordinary transmission through a sub-wavelength metal
grating operates as follows: The incident wave interacts with the slit-guided mode, combin-
ing partly directly and partly via horizontal surface plasmons on the input face. At the exit,
the slit-guided mode couples with a propagating wave, also combining direct interaction
and interaction via horizontal surface plasmons on the exit face. The coupling between the
plasmons of the input and output faces through the slit is more efficient when the refractive
indices of the two media are identical. This is why higher transmissions are obtained with
symmetrical structures.
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3.2. Characterization of Rayleigh Anomalies at Different Angle of Incidence

We will extend our analysis of resonance phenomena by characterizing them in terms
of angle of incidence. This involves varying the angle of incidence from 0 to 45 degrees and
measuring the transmission spectrum in decibels (dB) for each angle. Transmission minima
occur near the appearance or disappearance of a diffracted order. If we denote k(n)x as the
component parallel to the surface of the wave vector diffracted according to order n (the
refractive index of medium III is given by (εI I I = n2

I I I)), we have the following relation:

k(n)ZII I =
√

n2
I I Ik

2
0 − (k(n)x )2.

In this equation, we observe that an order appears or disappears when n2
I I Ik

2
0 = (k(n)x )2.

Using the lattice formula provided by Equation (4), we can determine the position of the
minimum transmission points: R = a

λ0
= n

nI I I+nI sin θ .
In the case where nI I I = nI , Table 2 provides the positions of the transmission minima

for incidence angles of 0°, 15°, 30°, and 45°.

Table 2. The positions of the transmission minima at various incidence angles.

θ(◦) R

0 1
1+sin 0 = 1

15 1
1+sin 15 ≈ 0.794

30 1
1+sin 30 ≈ 0.667

45 1
1+sin 45 ≈ 0.586

It is noteworthy that all discussions within this section are concentrated exclusively
on the resonance phenomena pertaining to the initial Rayleigh anomaly. Analogously
to the behavior observed with respect to the transmission minimum, it becomes evident
that the position of the maximum transmission peak experiences a redshift toward longer
wavelengths with the increment of the incidence angle.

The curves depicted in Figure 4 elucidate the angular dependency of resonance phe-
nomena within metallic slit gratings. The shifts in peak positions conform to the grating
equation, Equation (4), and correspond to the emergence or disappearance of the first-
order diffracted wave. It is noteworthy, however, that the resonance peaks manifest an
asymmetric line shape when the dimensionless parameter R assumes values ranging from
0.6 to 1. Moreover, these plots represent the transmission (dB) spectra for two specific
scenarios: normal incidence and incidence angles of 15°, 30°, and 45°. It is discernible that
the resonance characteristics, comprising their positions, peak amplitudes, and sharpness,
undergo variations with altering angles of incidence. These empirical findings are further
substantiated by rigorous calculations conducted via the (RCWA) method.

3.3. Discrete State Design

We will now endeavor to induce discrete states by replacing the air slit with silicon,
which possesses a refractive index over three times greater than that of air. The simulation
depicts a metallic grating, as shown in Figure 1b, featuring sub-wavelength silicon slits.
This configuration allows us to visualize what we term as discrete states. Figure 5 illustrates
the transmission results following the interaction with a metallic array of silicon slits under
TM polarization at normal incidence. We exclusively assess the zeroth transmitted order,
which, for wavelengths exceeding the grating period, represents the only propagating
order. A transmission minimum is observed for a wavelength closely matching the grating
period (a = λ ⇒ R = a

λ = 1), corresponding to the threshold of a new propagated
diffracted order’s emergence. At longer wavelengths, we observe prominent transmission
peaks, approaching nearly 90%. These remarkable transmission outcomes affirm the
system’s exceptional quality. The dotted curves within the same figure display the results
of calculations conducted using the (RCWA) method for two cases (N = 50) and (N = 150),
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consistent with the results obtained through numerical simulation (solid line) based on the
(FEM) method.

Figure 4. The angular variation in the position of the Rayleigh anomaly for angles of 0◦, 15◦, 30◦, and
45◦, respectively.

Figure 5. The transmission spectrum T(dB) obtained through an array of silicon slits, describing the
discrete states.

3.4. Coupling between Continuum and Discrete States

In this section, the resonances we have just observed have the particularity of showing
a transmission minimum close to a transmission maximum. This type of resonance was
described by Fano in reference [7] to explain the spectrum of the helium atom resulting from
interference between its different electronic states during the auto-ionization phenomenon.
In optical systems such as those we are studying, Fano resonances appear to arise from
interference between two transmission paths of the incident wave through the structure. In
the scenario where a unit cell comprises an air gap of width w, separated by a distance b
from another silicon gap of width g (refer to Figure 1c), a coupling effect emerges between
the continuum state generated by the air gap and the discrete states produced by the silicon
gap. This interaction results in the manifestation of two asymmetric peaks within the
transmission spectrum, indicative of a Fano resonance phenomenon. These resonances
manifest within the reduced frequency ranges denoted as R1 and R2, as well as between
R4 and R5 as illustrated in Figure 6a,b.
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Figure 6. The transmission spectrum in (dB) represents the coupling between the continuum state
and the discrete states, as obtained through two methods: (a) using the (FEM) method and (b) using
the (RCWA) method with N = 150.

In fact, by utilizing the relationship 2nSid = pλ0 (where nSi represents the refractive
index of silicon), it becomes possible to predict the precise positions of resonances resulting
from the silicon slot drilled into the unit cell of the metal lattice with a thickness d. Conse-
quently, the resonance locations can be determined as Rp = d

λ0
= p

2nSi
(where p denotes the

interference order and nSi = 3.44), as illustrated in Figure 5 and Table 3.

Table 3. The position of transmission maxima for a silicon slit array.

p Rp =
p

2nSi

1 0.139

2 0.278

3 0.416

4 0.556

5 0.694

6 0.833

The most remarkable feature of this type of resonance is its higher quality factor
compared to the peak resonances of discrete states, commonly known as Lorentzian res-
onances. Between these two Fano resonances, a wide band of attenuation occurs around
the reduced frequencies corresponding to R1 and R2. This attenuation exceeds the limits of
conventional attenuation typically observed with perforated plates in air.

Figure 7 illustrates the distribution of the electric field component along the (OX)
axis for the first resonance and anti-resonance modes of transmission. The resonant mode
associated with R1 is depicted in Figure 7a. In this case, a pumping motion of the aperture
induces high transmission on the opposite side of the structure. At the frequency corre-
sponding to the anti-resonant mode, which occurs just after the first resonant mode, almost
total reflection is observed in Figure 7b. Electrical energy remains trapped in the two slots
and in the metal, but the wave undergoes a phase shift of 180°, inducing total reflection.

3.5. The Effect of the Filling Factor f2 = g
a of Silicon (Si) Slits on Resonances

In this section, we have chosen an elementary cell characterized by a period a equal to
twice its thickness d (a = 2d) as a means to simplify our analytical approach. Within this
configuration, we have identified two distinct propagating modes, denoted as R1 and R2,
which manifest before reaching the initial Rayleigh anomaly. The impact of modifying the
thickness d on resonance frequencies is a well-documented phenomenon. By diminishing
the value of d, we can effectively shift these resonance peaks towards lower frequencies.
This adjustment accounts for the disappearance of the resonance peak associated with
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p = 2 in the continuum state, as depicted in Figure 3, along with the attenuation of other
resonance peaks corresponding to p > 3 in the discrete state, as portrayed in Figure 5. To
manipulate the anti-resonance frequencies, we primarily modify the width parameters
g or w, which are analogous to ( f1 or f2), of one of the slits. For example, an increase in
the slit width g results in a convergence of the two anti-resonance frequencies. The effect
of parameter f2 is investigated through a systematic examination of transmission spectra
denoted as T(dB). These spectra are generated via numerical simulations employing both
the (FEM) method and the (RCWA) method. The study incorporates a substantial value for
a parameter denoted as N, specifically setting N = 150. This choice of N is made in order
to assess the convergence of the RCWA method towards the numerical outcomes produced
by the FEM method. Notably, as the value of N (representing the number of harmonics) is
systematically increased, the results exhibit a strong convergence with those acquired from
numerical modeling based on the FEM method, as illustrated in Figure 8.

Figure 7. The electric field distribution along the period axis (OX). (a) At the resonance and (b) anti-
resonance modes as manifested in the transmission spectrum. The (OY) axis presents the wave
propagation direction under normal incidence.

Figure 8. The transmission spectrum as a function of f2 ( f2 =
g
a , the filling ratio of (Si) slits), obtained

by (a) the (FEM) Method and (b) the (RCWA) method.

3.6. Scaling Factor

It is important to emphasize that the outcomes mentioned above can be customized for
different wavelengths. Achieving consistent transmission results at various wavelengths is
theoretically straightforward—simply apply a scaling factor equal to the ratio between the
desired wavelength and initial wavelength used in the calculations. By scaling all geomet-
rical parameters of the elementary cell uniformly, one can achieve identical transmission
characteristics at different wavelengths. We are currently investigating how the structure’s
transmission behavior changes as we scale its period (a) of the unit cell. Notably, all geo-
metrical parameters listed in Table 1 exhibit linear behaviour with the unit cell’s period (a).
Therefore, any changes in a directly affect the dimensions of the entire structure. This study
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focuses on the concept of scaling the unit cell, aiming to elucidate the consequences of
scaling—whether through reducing or increasing the unit cell size—by applying a scaling
factor to the structure’s optical response. Our primary goal is to determine the minimum
scaling factor required to replicate the optical response observed in the earlier sections of
this investigation.

In pursuit of our objective, we deliberately chose to investigate a period variation
spanning from 0.1 to 2µm, encompassing a total of 50 discrete values. The results are
graphically depicted in Figure 9, which portrays the contour plots of transmission (mea-
sured in decibels and absorption against two critical parameters: the reduced frequency
denoted as R and the reciprocal of the period denoted as 1

a . This specific parameter range
was carefully selected to yield graphical representations resembling dispersion diagrams
akin to those found in photonic structures. From the examination of Figure 9, we are able
to draw the following conclusions:

• If 1
a ∈ [0.5, 4]⇒ a ∈ [0.25, 2]µm:

The attenuation created between the frequencies corresponding to R1 and R2 (centered
around R = 0.2) and that created between R4 and R5 (centered around R = 0.6) retains
almost the same values of T(dB) and R, indicating that the structure maintains a coherent
response. This allows us to predict the position of resonance peaks for any value of period
a within this range.

• If 1
a ∈ [4, 8]⇒ a ∈ [0.125, 0.25]µm:

The attenuation between the frequencies corresponding to R1 and R2 (centered around
R = 0.2) varies at a slight angle compared to that between R4 and R5 (centered around
R = 0.6). This indicates that the peaks of the latter are influenced by significant absorption,
primarily due to the metal in this frequency range. The impact of absorption on these peaks
results in decreased transmittance and a shift toward lower frequencies, eventually leading
to the disappearance of the peaks corresponding to R4 and R5.

• If 1
a ∈ [8, 10]⇒ a ∈ [0.1, 0.125]µm:

It is notable that only Fano resonances corresponding to R1 and R2 can be generated,
albeit with a marginal reduction in attenuation and a simultaneous shift toward lower
frequencies. In this context, the behavior of the metallic material exerts a profound influ-
ence on the emergence of all coupled states and, consequently, on the generation of all
conceivable Fano resonances. This effect of the metallic material is effectively demonstrated
in Figure 10a,b: The solid black curve corresponds to a = 0.1µm. The blue line corresponds
to a = 1µm. The continuous green curve corresponds to a = 2µm. Upon examining these
three curves, the initial observation is that, for a = 1µm and a = 2µm, the two curves
almost coincide within the interval [0, 0.3], displaying only a minor shift of approximately
δR = 0.05 within the interval [0.3, 0.7].

Additionally, when considering the curve associated with a dimension of a = 0.1µm
(section s = 0.1µm2), we observe a pronounced shift in resonance peaks towards lower
frequencies compared to those occurring for values of a greater than or equal to 1,µm.
This shift coincides with the disappearance of peaks corresponding to R4 and R5. This
intriguing phenomenon emerges when the structural dimensions fall below the threshold
of 1,µm. In such cases, the wavelengths associated with the imaginary component of the
metal’s refractive index become smaller than those corresponding to the real component.
Consequently, the metal undergoes a transition to a transparent state, significantly enhanc-
ing the absorption spectrum. This enhancement, in turn, leads to a noticeable shift of the
resonance peaks towards lower frequencies.
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Figure 9. A contour (a): of transmission T(dB) and (b): of absorption as functions of reduced
frequency R and the inverse of the period ( 1

a ).

Figure 10. (a,b) Transmission and absorption spectra with respect to the reduced parameter R,
respectively.

3.7. The Effect of the Substrate on the Response of the Structure

To ensure the feasibility of this structure, the use of a substrate becomes necessary. To
streamline the manufacturing process, it is imperative that the substrate shares the same
material properties as the silicon slit. As a result, we have opted for a square structure with
a periodicity of a. This ensures that the diffraction limit remains outside the two resonance
peaks associated with discrete states. The diffraction limit is directly influenced by the
periodicity of the lattice. Notably, for a surrounding medium of air and under normal
incidence, it occurs at R = a

λ0
= 1. However, in the case of a silicon surrounding medium

with a refractive index of nSi = 3.44, this limit shifts to R = a
(nSiλ0)

= 1
nSi

= 0.29. Based on
these two observations, the effect of the silicon substrate on the response of the studied
structure is to bring the diffraction limit closer to that of free space by a factor of 1

nSi
.

From Figure 11, it is evident that the resonance and anti-resonance peaks occur at
the same reduced frequency R as the structure under study, which has dimension a as
its period and thickness d = a

2 , associated with the surrounding free-space medium. This
implies that the first two diffraction modes, associated with R1 and R2, remain unaffected
by the substrate, while all higher-order modes have disappeared. To reveal the higher-
order resonance peaks, we simply multiply the lattice thickness by a factor of nSi = 3.44.
Simulating the structure with the following parameters: period a = 3 µm and thickness
d
′
= nSi · d = 10.32 µm, we obtain a response similar to that of the first structure with the

parameters: period a = 3 µm, thickness d = 3 µm, and nI = nI I I = 1. This response is
illustrated in Figure 12 within a reduced frequency range R ∈]0, 0.3].
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Figure 11. Transmission for the structure shown in Figure 1c, with a silicon (Si) substrate. A
comparison between the (FEM) method (solid black line) and the (RCWA) method (dotted blue line
N = 50; dotted red line N = 150), respectively.

Figure 12. The mechanism of Fano resonance with a W-shape in transmission curve T(dB) is calculated
using the (RCWA) method with a number of harmonics of (N = 150). This calculation is performed
for a metallic slit grating sub-wavelength structure with the following parameters: period a = 3 µm,
thickness d

′
= nSi · d = 10.32µm, air gap w = a

10 , width of Si Slit g = a
5 , and a refractive index

nI I I = nSi = 3.44.

4. Conclusions

In conclusion, this investigation underscores the efficacy of a heterogeneous plate en-
dowed with sub-wavelength characteristics in producing multiple transmission reductions,
resulting in distinctive W-shaped profiles. This result is achieved through the proficient
interplay between discrete and continuum states, along with plasmonic resonance phe-
nomena. Furthermore, it is noteworthy that the resulting band gaps can be tailored to
exhibit adjustable bandwidths of up to 34% through the manipulation of opto-geometric
parameters, including the angle of incidence θ, grating period a, thickness d, air gap filling
factor f1 = w

a , and Si Slits filling factor f2 = g
a . Additionally, careful attention is devoted

to the overall scale of the structure to enhance metal absorption across a broad spectral
range spanning from the infrared to the visible and ultraviolet regions. The semi-analytical
framework based on (RCWA) not only demonstrates a high degree of agreement with
numerical simulations using (FEM) but also introduces a new level of versatility compared
to conventional (RCWA), enabling the modeling of multilayer gratings featuring an ar-
ray of apertures. Finally, this envisioned structure holds immense promise for various
applications, including selective filters, optical sensors, and ultra-thin perfect absorbers.
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46. Rakić, A.D.; Djurišić, A.B.; Elazar, J.M.; Majewski, M.L. Optical properties of metallic films for vertical-cavity optoelectronic

devices. Appl. Opt. 1998, 37, 5271–5283. [CrossRef] [PubMed]
47. Pierce, D.T.; Spicer, W.E. Electronic structure of amorphous Si from photoemission and optical studies. Phys. Rev. B 1972, 5, 3017.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1088/0150-536X/8/3/003
http://dx.doi.org/10.1103/PhysRevLett.83.2845
http://dx.doi.org/10.1103/PhysRevB.63.033107
http://dx.doi.org/10.1038/35570
http://dx.doi.org/10.1103/PhysRev.66.163
http://dx.doi.org/10.1103/PhysRevB.58.6779
http://dx.doi.org/10.1364/OL.24.000256
http://dx.doi.org/10.1364/JOSAB.16.001743
http://dx.doi.org/10.1088/1464-4258/8/4/S07
http://dx.doi.org/10.1364/JOSAA.12.001068
http://dx.doi.org/10.1364/JOSAA.7.001666
http://dx.doi.org/10.1364/JOSA.72.001385
http://dx.doi.org/10.1364/JOSA.73.001105
http://dx.doi.org/10.1364/JOSA.71.000811
http://dx.doi.org/10.1364/JOSA.73.000451
http://dx.doi.org/10.1364/JOSA.56.001502
http://dx.doi.org/10.1364/JOSA.63.000037
http://dx.doi.org/10.1364/JOSA.68.001206
http://dx.doi.org/10.1364/JOSA.73.000901
http://dx.doi.org/10.1364/AO.37.005271
http://www.ncbi.nlm.nih.gov/pubmed/18286006
http://dx.doi.org/10.1103/PhysRevB.5.3017

	Introduction
	Analysis and Modeling
	Design and Excitation Source
	The Rigorous Coupled Wave Analysis (RCWA) Method

	Results and Discussion
	Design and Characterization of the Continuum State
	Characterization of Rayleigh Anomalies at Different Angle of Incidence
	Discrete State Design
	Coupling between Continuum and Discrete States
	The Effect of the Filling Factor f2=ga of Silicon (Si) Slits on Resonances
	Scaling Factor
	The Effect of the Substrate on the Response of the Structure

	Conclusions
	References

